Mn concentrations were determined in sediments and pore waters of five freshwater lochs in Scotland. The aim was to establish whether the geochemical behavior of Mn differed in a range of limnological conditions: oligotrophic/mesotrophic Loch Lomond; eutrophic unstratified Loch Leven; seasonally stratified eutrophic Balgavies Loch; oligotrophic, acidified Round Loch of Glenhead; and oligotrophic, acid-sensitive Loch Coire nan An: Although redox-driven diagenesis of Mn was evident in all lochs, the diversity of conditions in the lochs resulted in some cases in modifications to behavior predicted by conceptual models for transport of Mn at a redox boundary. These differences were reflected in the chemical associations and trends in concentration of Mn. A classic example of Mn redox cycling in the sediments of Loch Lomond provided a basis for comparison with other systems. Higher inventories of Mn in sediment collected from eutrophic Loch Leven during the summer, compared with sediment from autumn and winter sampling, were explained by the effects of enhanced primary productivity (high pH and dissolved oxygen concentrations) during a summer algal bloom. In Balgavies Loch, where the bottom water was hypoxic, at the time of sampling, previous diagenetic enrichment of Mn in the surface sediment was subject to modification by dissolution and release from the solid phase to pore water, which was elevated in Mn. The increase in solid-phase Mn concentration with depth and lack of significant surface enhancement of Mn in Round Loch contrasted markedly with results from other lochs. This was attributed mainly to acidification, producing a pHrelated decrease in Mn sedimentation. Mn partitioning and porewater data for Loch Coire nan Arr were in some respects similar to those at Round Loch, with both lochs having pcaty sediment. However, Mn concentration patterns attributed to acidification effects at Round Loch were not found in Loch Coire nan Arr.
The distribution of Mn in aquatic systems is largely governed by pH-Eh equilibria (Stumm and Morgan 1981) . In aerobic, circumneutral waters, Mn should exist predominantly in oxidized form, as relatively insoluble oxideskydroxides, whereas under reducing conditions, Mn2+ is generally soluble and free from complexation. Mn transport can be influenced by redox gradients, for example at the sediment-water interface of freshwater lakes, due to the microbial decomposition of sedimentary organic matter (Berner 1980) . The control of Mn concentration profiles in marine and freshwater sediments by redox-related diagenetic processes is well known (e.g. Froelich et al. 1979; Davison and Woof 1984; Farmer and Love11 1984; Aller 1994) . Davison (1985) has considered some of the great variety of Mn concentration profile shapes, both for soluble (reduced) and solid (oxidized) phases in marine, estuarine, and freshwater systems. The 'profile shapes were discussed in terms of a conceptual model for Mn transport at a redox boundary, which is modified according to prevailing conditions at the sampling site. The position of the redoxcline (maximum change in redox potential with depth) is an important determinant of Mn behavior. In well-mixed, oxygenated lakes, Mn reduction generally takes place in the near-surface sediment. The soluble Mn2' then diffuses away from the point of maximum dissolution, upward to reprecipitate as oxides/ hydroxides once favorable redox conditions are reached and downward to establish equilibrium with carbonates or sulfides at depth in the sediment. This process can result in very high concentrations of solid-phase Mn at the sediment surface, sometimes in the form of Mn-rich nodules as in eutrophic freshwater Lake Oneida (Dean and Greeson 1979; Dean et al. 1981; Aguilar and Nealson 1994) . Conversely, in seasonally stratified lakes the redoxcline may be in the water column, where maximum Mn dissolution can occur, resulting in much lower concentrations of Mn in sediments (Balistrieri et al. 1992a) . Mn oxide/hydroxide formation and stability decrease with decreasing pH, resulting in less particulate Mn from the water column being deposited to the sediments of acidified lakes (White and Driscoll 1987; Bendell-Young and Harvey 1992) .
The transport of Mn in aquatic systems has received much attention because of the high adsorption capacity of Mn oxides/hydroxides .for other elements, some of which are potentially harmful, e.g. Co and Ni (Balistrieri et al. 19926) . Mn itself has also been suggested as the cause of structural deformities in the vertebrae of fish in acidic waters (Harvey t and Fraser 1982, in White and Driscoll 1987) . The World Health Organisation limits Mn concentrations in drinking waters to 50 pg liter-' (Gray 1994) . Maintaining Mn concentrations below this limit may present difficulties under certain limnological conditions. Pipes used for water supplies may become clogged with Mn deposits if conditions through which Mn is being transported change sufficiently. The behavior of Mn in different freshwater lake types is therefore also of relevance to the water industry. Clearly, it is important to investigate the geochemistry of Mn in a variety of aquatic systems, where differences in physical, chemical, and biological factors may influence the behavior of Mn. Relatively few comparative studies have been made of Mn behavior in different freshwater lakes (Bendell-Young et al. 1989; Davison 1993) . A combination of sequential extraction data, as well as porewater and aciddigest data provides a more comprehensive picture of Mn association and behavior. The aim of this work, part of a broader study of heavy metals and radionuclides (Bryant 1993) , was to compare the behavior and chemical associations of Mn in five diverse Scottish freshwater lochs. Scotland provides an ideal area for sampling, having a wide variety of freshwater loch types located fairly near to each other with similar, maritime climatic conditions. The reasons for choosing each loch are outlined below.
Loch Lomond

Study areas
All sampling sites were in lochs in Scotland (Fig. 1) . Their characteristics are summarized in Table 1 .
Loch Lomond-Loch
Lomond is the largest freshwater body (by area) in Britain, situated 30 km northwest of Glasgow. The loch occupies a narrow glacial valley, lying across the major Highland boundary fault, which divides the loch into two geologically different sections. * Best and Trail1 (1994) ; Maitland et al. (1981 ). t Smith (1974 . $ Harper and Stewart (1987) . Q Patrick et al. (1991) .
(1 NA = not available.
to the south is <70 m deep and overlies Carboniferous and Devonian sedimentary rocks. The southern and central basins of this section are more biologically productive (mesotrophic) than the deeper (max. 200 m) oligotrophic basins to the north, where the bedrock consists of metamorphosed Dalradian mica-schists and schistose grits and slates (Slack 1954) . Dissolved oxygen in the water column is consistently high (>72% saturated) at all times of the year (Maulood and Boney 1980) .
water column pH over the past 20 yr, the loch remains acidified at a mean pH of 4.9 (Flower et al. 1990; Allott et al. 1992) and provides a suitable example of an acidified system.
Solid-and solution-phase concentration profiles of Fe, Mn, and As in sediment cores from various sites in the loch have shown that redox-driven diagenesis is the main process controlling the geochemical behavior of these elements (Farmer and Love11 1986) . Further study of Loch Lomond was carried out to provide an example of redox-driven Mn cycling, with which other systems could be compared.
Loch Coire nan Arr-This loch lies on the Torridonian sandstones of the Applecross area in northwest Scotland. It is a clearwater loch and part of the U.K. Acid Waters Monitoring Network (Patrick et al. 1991) . The mean water column pH is 6.34 and, despite a sensitivity to acidification (low buffering capacity of the loch and catchment to acid deposition) similar to Round Loch (Battarbee 1988) , there is no paleolimnological evidence of a pH change at this site. Loch Coire nan Arr was chosen for sampling as an example of an oligotrophic loch with acid sensitivity and with sediment similar to Round Loch (organic rich) but apparently unaffected by acid deposition. Loch Leven-Loch Leven lies 50 km north of Edinburgh and occupies the central part of a natural bedrock depression. The loch is a shallow drift basin, formed in sand and gravel deposits that overlie boulder clay. Phosphorus runoff from the predominantly agricultural catchment, treated sewage effluent inputs, roosting waterfowl, and a now ceased process of effluent input from a woollen mill have contributed to the eutrophication of this loch (Bailey-Watts and Kirika 1987) . Chl a levels can reach 160 pg liter-' in summer. Summer algal blooms are a subject of concern due to potential harmful effects of toxins released by blue-green algae in this loch, which is famous for trout fishing (Bailey-Watts et al. 1994) . Water column stratification is relatively uncommon, intermittent, and affects only the deep kettle holes (22-23 m). Oxygen concentrations generally approach saturation (Smith 1974) . This loch provides a suitable site for studying Mn behavior in a eutrophic system.
Methods
Field sampling- Table  2 summarizes the field sampling details, including sampling dates, coring methods used, and core codes.
Coring sites were chosen on the basis of reported bathymetries (Murray and Pullar 1910) , with preferred sites as deep and flat as possible. Sampling positions, for collecting multiple cores, were maintained as close as possible for individual lochs, except at Round Loch where different sites were sampled on the different sampling dates. Cores were collected using techniques that do not disturb the sedimentwater interface and were then sectioned at vertical intervals (Table 2 ) on shore within l-2 h. Separate cores were collected for chemical digestion/extraction and porewater sampling. For Loch Coire nan Arr, Balgavies Loch, and the second sampling of Loch Lomond (core LO-~), the sediment used for chemical pretreatment was sectioned in a N,-purged glovebox. For practical reasons this could not be carried out for analogous cores from Loch Leven and Round Loch and the initial sampling of Loch Lomond, where sectioning was carried out in air. During the initial sampling of Loch Lomond, porewater collection was unsuccessful at sediment depths around the redoxcline, so a second sediment core was Balgavies Loch has an unusually high concentration of collected subsequently to provide additional data. The sedBalgavies Loch-This glacial loch lies -10 km east of Forfar in Angus District, east Scotland. Catchment soils are basic, nutrient-rich, and intensively farmed (Harper and Stewart 1987) . Similar to Loch Leven, this eutrophic loch has been significantly enriched by nutrients, contributing to algal blooms and Chl a levels of up to 150 pg liter' during summer. In contrast to Loch Leven, however, the water of CaCO,. It was chosen as a system in which oxygen concentrations in the bottom waters are seasonally low.
Round Loch of Glenhead-Overlying granite bedrock in the Galloway region of southwest Scotland, Round Loch has a peaty catchment and, as a consequence, organic-rich sediments. The loch is part of the U.K. Acid Waters Monitoring Network (Patrick et al. 1991) and has been the focus of detailed investigations into aspects of surface water acidification (Battarbee et al. 1985) . Paleolimnological studies of Round Loch sediments (Battarbee et al. 1989; Jones et al. 1989) have indicated that, while the loch was acid throughout the postglacial period (due to the nature of its catchment), a water column pH of 5.5 declined by one pH unit over the 100 yr following 1870. This dramatic decrease was the result of acid deposition associated with fossil fuel combustion. Although there is some evidence of recovery of the iment residue foilowing porewater filtration of core Lo-3 was acid digested to compare the solid-phase concentration profile with that from material collected on the initial sampling trip. No material was collected for sequential extraction during the autumn and winter sampling of Loch Leven. Porewater collection methods are described below.
Measurements of pH, dissolved oxygen, conductivity, and temperature were made at various depths in the water column, using either a hand held Checkmate meter (Ciba Corning) or the multiprobe Windermere Profiler II.
Water column sampling--Water-column samples were collected immediately prior to coring with either a Friedinger sampler (Round Loch, Balgavies Loch, Loch Coire nan Arr) or a van Dorn sampler (Loch Lomond). All samples were emptied into cleaned, sample-rinsed 500~ml polyethylene bottles, stored in a cool box, and taken to the laboratory, where 250-ml subsamples were filtered via 0.45-pm membrane filters (Millipore, HAWP 04700) by using a Gelman filtration kit.
Water overlying the sediment, from which the porewater samples were subsequently obtained, was removed by siphon from the core tube, and the final 5-cm depth of water was collected in an acid-washed, sample-rinsed polyethylene bottle. A subsample of this water was immediately filtered with an acid-washed syringe to pass the water via a 0.45-,um Millipore filter.
Porewater sampling---Pore waters were collected by methods that avoided contact of sediment with air. The sy- Table 3 . Chemical treatment of sediment cores and their codes.
HNO,/
HCl Sequenacid di-tial ex-Pore Loch Core code gestion traction waters
ringe method (broadly following that of Davison et al. [ 19821) involved using a core tube in which 0.5-cm-diameter holes had been drilled in a spiral at l-cm vertical intervals. Prior to coring, the holes had been covered with insulating tape. After siphoning off overlying water, the holes were exposed successively by removing the tape, and sediment was withdrawn from the tube into 20-ml acid-washed syringes. Syringes containing sediments were squeezed and pore waters filtered through argon-flushed 0.45-pm filters (Millipore, HAWP 03700) into a second syringe below the filter. The glovebox method of porewater sampling involved extrusion and sectioning of the sediment core in a N,-purged glovebox. Sediment from each section was put into 20-ml acid-washed plastic syringes that were then squeezed and pore waters filtered via 0.45-pm filters (Millipore, HAWP 03700) and collected in containers below the filter holders, before removal from the glovebox.
All porewater and water column samples were stored in acid-washed polyethylene containers and acidified 1 : 1,000 vol/vol with 16 M nitric acid (AristaR, BDH) until analysis.
Chemical treatment and analysis-Chemical treatments and codes for sediment cores are summarized in Table 3 .
Acid washing-Glassware was heated in 8 M nitric acid (SLR, BDH) for 2-3 h at 90°C. On cooling, the glassware was rinsed in double-deionized water (Millipore Milli-Q SP reagent water system), then reheated to 90°C in doubledeionized water for 2-3 h. Plasticware was cleaned similarly, but without heating, and remained in the acid overnight.
HNO,IHCl acid digestion-The acid digestion was carried out on total (i.e. untreated) sediment. Mn extracted from sediment by this method will be referred to as acid-digested Mn. The purpose of the acid digestion was to extract all Mn, other than the refractory Mn, from the sediment. This should represent all the Mn potentially available for diagenetic remobilization and will be compared with the sequentially extracted Mn.
Sediment samples were oven dried (4O"C, 1 week) and homogenized by grinding with a pestle and mortar. Using acid-washed glassware, 8 M nitric acid (AnalaR, BDH; 20 ml) was added to 0.5-g samples of sediment in loo-ml glass beakers that were then covered with watchglasses and the samples boiled gently on a hotplate for 2 h. Hydrochloric acid (11.6 M AnalaR, BDH; 10 ml) was then added to each beaker and boiled for a further 1 h. The cooled mixtures were filtered via Whatman No. 40 filter paper and residues rinsed with 1 M hydrochloric acid. The solutions were reheated and dissolved completely by addition of 11.6 M hydrochloric acid until no further brown fumes of nitrogen dioxide were emitted. After evaporation to near dryness, the samples were taken up in 1 M hydrochloric acid and made up to 25 ml in glass volumetric flasks. Duplicate samples were digested for each sediment section. Two blanks were prepared with each sample batch, processing the reagents only, as described for the samples. Samples and blanks were stored in 30-ml plastic Sterilin universal bottles prior to analysis.
Sequential extraction-A five-step extraction of wet sediment was used, aiming to remove Mn from different, operationally defined, sediment fractions (Gibson and Farmer 1986) , based on the widely used method of Tessier et al. (1979) .
Using acid-washed equipment throughout, wet sediment samples (0.1-l g equivalent dry wt) were weighed into plastic, screw-topped centrifuge tubes (50 ml, Falcon). Duplicate samples were extracted for each sediment section, and two blanks were prepared with each sample batch by processing reagents only. The extractants (AnalaR, BDH) were used at room temperature unless otherwise stated. Between each extraction step, samples were centrifuged for 5 min (Gelman Junior centrifuge, speed 5), and the supernatant was decanted and made up to 25 ml in glass volumetric flasks by using the respective extractant reagent for each step. The extraction scheme, with defined components extracted in italics, was: (1) 1 M ammonium acetate, pH 7 (20 ml), shaken for 4 h-exchangeable;
(2) 1 M sodium acetate (acidified to pH 5 with acetic acid) (15 ml), shaken for 5 h-carbonate bound/specifically sorbed; (3) 0.1 M hydroxylammonium chloride/O.01 M nitric acid (20 ml), shaken for 0.5 h-easily reducible; (4) 1 M hydroxylammonium chloride/4.4 M acetic acid (20 ml), shaken for 4 h--moderately reducible; and then (5) sediment was transferred to loo-ml glass beakers; 0.02 M nitric acid (3 ml) and 30% wt/vol hydrogen peroxide (adjusted to pH 2 with nitric acid) (5 ml) were added and the beakers covered with watchglasses. Samples were heated in a water bath to 85 + 2°C for 2 h before cooling and addition of further 30% hydrogen peroxide (pH 2) (5 ml). Samples were reheated to 85 + 2°C for 3 h. On cooling, the mixture was transferred back to the centrifuge tubes and shaken with 3.2 M ammonium acetate in 3.2 M nitric acid (15 ml) for 0.5 h-organic bound/sulJides.
Processing of samples from Loch Coire nan Arr and Balgavies Loch was carried out in a N,-filled glovebag (Aldrich), for the first four fractions, using N,-purged reagents. Samples were exposed to the atmosphere only after the extracted solutions had been obtained. Extraction of the final fraction was carried out in air.
Samples and blanks were stored in 30-ml plastic Sterilin universal bottles prior to analysis.
Mn analysis-Flame atomic absorption spectrophotometry (Pye Unicam SP9-800 flame AAS) was used to determine Mn concentrations in acid digestion and sequential extraction solutions and some porewater samples. The detection limit was 0.03 mg liter-l. A graphite furnace AAS (Perkin Elmer PE 306 AAS with a HGA-400 graphite furnace and AS-l autosampler) was used for water-column and porewater samples for which Mn was below the flame AAS detection limit. The graphite furnace detection limit for Mn was 0.002 mg liter-l.
Calibration standards were prepared by dilution of BDH Spectrosol standard (1,000 mg Mn liter-l) with the extraction/digestion solutions relevant to the samples. Between-run analytical precision was usually <+5% and precision between digested/extracted replicates generally <+ 10%.
Carbon and nitrogen analysis-To characterize the sediment types, total C and N were measured in dried, ground sediment samples to a depth of 10 cm by using a CHN elemental analyzer (Perkin Elmer 2400).
Results
Dissolved oxygen, pH, and conductivity--Water column characteristics are shown in Table 4 . At Loch Lomond, Round Loch, and Loch Coire nan Arr, dissolved oxygen concentrations were close to saturation. At Loch Leven, primary productivity associated with the algal bloom at the time of sampling gave rise to supersaturated oxygen concentrations. The only site where dissolved oxygen decreased significantly with depth was at Balgavies Loch, where oxygen concentrations decreased from 51% at 4 m to 2.3% at 5 m. The pH values were lowest in acidified Round Loch and highest in Loch Leven, due to its enhanced summer primary productivity. Loch Lomond and Balgavies Loch were circumneutral. Conductivity was highest in Balgavies Loch and Loch Leven, a consequence of the hard water at Balgavies Loch and the high nutrient status of both lochs.
Carbon contents and carbon/nitrogen ratios-Total sediment carbon concentration was highest in Round Loch (Table 4), and the relatively high C : N ratios, both in Round Loch and Loch Coire nan Arr, reflect the contribution of catchment-derived organic matter. In contrast, eutrophic Loch Leven and Balgavies Loch had lower C : N ratios, due to a greater proportion of organic matter (phytoplankton) from within the loch. Total C contents in sediments from Loch Lomond, Loch Leven, Round Loch, and Loch Coire nan Art-, containing little or no carbonates, are a good representation of the organic C contents. However, because of hard water in Balgavies Loch, the actual organic C content was probably lower than the values shown because a contribution to the total C from carbonate is likely.
Discussion
The lo-fold enhancement of acid-digested Mn in the surface sediment (O-2 cm) of Loch Lomond (Fig. 2a) , compared with relatively constant concentrations below 14 cm, is characteristic of redox-driven diagenetic cycling of Mn (Davison 1985) . The presence of Mn almost exclusively in the easily reducible fraction, largely Mn oxides/hydroxides (Chao 1972) (Fig. 2e) , at sediment depths of O-2 cm (Fig.  2b-g ) also suggests the formation of authigenic Mn compounds as a result of redox-driven diagenesis. Below 5 cm, Mn concentration-depth pro$les-Mn concentrations in acid-digested and sequentially extracted sediments and their pore waters are presented in Figs. 2-7. As mentioned in the methods, Mn is removed from sediment fractions defined by the reagents used in the sequential extraction scheme. However, for ease of comparison of results from the different loch types, the defined fractions from which Mn is extracted during the scheme are used in the figures and discussion. easily reducible Mn comprises only 9% of the sum of all five fractions, whereas the exchangeable and, to a lesser extent, the specifically sorbed Mn become slightly more prominent. This indicates that Mn becomes relatively labile at depths below 2 cm and is consistent with the instability of Mn oxides/hydroxides under reducing conditions. This is also supported by enhancement of porewater Mn concentrations (Fig. 2h, i) by factors of 1,850-l 7,000 relative to water column concentrations (below the detection limit of 0.002 mg liter-l), implying dissolution of Mn in the sediment. Porewater concentration trends are consistent with those expected on the basis of conceptual models for Mn transport at a redox boundary (Davison 1985) and suggest that maximum dissolution of Mn in Loch Lomond occurs at 8-9 cm. Porewater Mn concentration in the O-l-cm section of core Lo-3 (Fig. 2i ) drops due to oxidation/precipitation, coincident with the Mn solid-phase peak in this core.
Enhancements of acid-digested Mn in the surface sediment (Fig. 3a, b) of eutrophic Loch Leven, overlying much lower and relatively constant concentrations, are also characteristic of redox-driven diagenesis. Although background Mn concentrations at depth in the three cores are similar, calculated Mn inventories (g mp2) of 9.2 (Le-1), 10.3 (Le-2), and 13.7 (Le-3) above depths where the constant values commence show that the summer core contains greater amounts of solid-phase Mn in the surface sediment compared with those collected in the autumn and winter. An increase in the water column pH and supersaturated water column 0, concentrations (Table 4) , due to uptake of CO, and release of 0, during the enhanced primary production at the time of the summer algal bloom, would favor Mn oxidation (Davison et al. 1982) . The indirect effect of an algal bloom on the behavior of Mn has also been suggested as a possible cause of Mn nodule formation in freshwater, eutrophic Lake Oneida, New York (Dean and Greeson 1979; Dean et al. 1981) . Because Fe and P are known to be released from Loch Leven sediments during calm, warm weather conditions (Farmer et al. 1994) , it might be anticipated that Mn would also be released under such conditions. The greater Mn inventory in the summer core, however, indicates that the reprecipitation and sedimentation of Mn must outweigh any release from the sediment. Similarly, in seasonally stratified Lake Windermere, redox-related release of Mn from the sediment to the water column, followed by reprecipitation, gave rise to high values of annual Mn deposition to sediment traps, compared with net flux of Mn to the sediment (Hamilton-Taylor et al. 1984) . In Loch Leven the lower Mn inventories and less pronounced peaks in cores from the autumn and winter can be accounted for by redoxdriven release of solid-phase Mn from the sediment to the water column, once the primary productivity has decreased and bloom-associated phytoplankton are degraded, causing a lowering of both pH and dissolved oxygen. Hydraulic flushing from the loch will prevent complete redeposition of Mn to the surface sediments.
Sequential extraction data for Loch Leven also provide supporting evidence of Mn redox cycling. As at Loch Lomond, Mn in the surface sediment (O-l cm) of Loch Leven is principally extracted in the easily reducible fraction (Fig.  3f) , comprising 72% of the sum of Mn in all fractions (Fig.  3c) at this depth. The profile shape for this fraction is similar to that of the acid digest, with high surface concentrations and much lower values below 2 cm. Despite relatively high sediment carbon contents (Table 4) , relatively little Mn is associated with the organic fraction.
Balgavies Loch, like Loch Leven, is eutrophic. At the location studied, radiocesium from the 1986 Chernobyl accident was detectable at 16 cm (Bryant 1993) , indicating that sediment mixing to at least this depth had occurred over a period of 5 yr. Despite this, the concentration profile (Fig.  4a) for acid-digested Mn shows redox-related diagenesis, with a surface peak overlying much lower concentrations. The Mn cycling rate must therefore be faster than the rate of sediment mixing.
According to conceptual models (Davison 1985) , maximum dissolution of Mn should occur in the water column if the bottom waters are anoxic. In Balgavies Loch at the time of sampling oxygen concentrations were low (2.3%), i.e. bottom waters were hypoxic (Table 4) . Maximum dissolved Mn concentrations occurred in the pore water at O-2-cm depth in the sediment (Fig. 4h) , coincident with the solid-phase peak, which must itself have been produced when the water column oxygen concentration was higher. In marked contrast to the situation in Loch Lomond and Loch Leven, which have well-oxygenated water columns, in Balgavies Loch significant amounts of Mn oxides/hydroxides seem to have been reduced at the sediment surface, where easily reducible Mn is low. Mn is going into solution in the reducing upper layer of the sediment, rather than in the hypoxic bottom water. This trend to Mn dissolution in the sediment is reflected in the labile exchangeable fraction, with which Mn is predominantly associated over the depth range O-10 cm. The profile pattern for specifically sorbed/carbonate-bound Mn (Fig. 4d) is similar to that for exchangeable Mn and concentrations are also relatively high, probably reflecting a significant component of MnCO, in this hardwater loch. As for Loch Leven, Mn is not found in significant concentrations in the organic fraction, despite the relatively high sediment carbon content.
Profiles of acid-digested and sequentially extracted sediments from acidified Round Loch ) are markedly different from those previously discussed. At site 1, the acid-digested Mn concentration at O-l cm was twice that in the I-2-cm section and below this increases steadily Ins with depth to 31 cm. In the surface section, Mn concentration is highest in the organic bound/sulfide fraction, probably as a result of the peaty nature of these sediments (Table 4) , providing organic binding sites for the Mn. In the same section, the easily reducible Mn concentration is much less significant, relative to underlying concentrations, than in Loch Lomond or Loch Leven. This can be attributed to the relative instability of Mn oxides and hydroxides at low pH values (White and Driscoll 1987) . A similar increase with depth (to 21 cm) in acid-digest Mn concentrations was also observed at site 2, but in this case surface enrichment was less pronounced. Carignan and Nriagu (1985) and Renberg (1985) have interpreted increases in Mn concentration with depth in the sediments of acidified lakes either as postdepositional loss of Mn from the sediments to the water ,column or as a reflection of the water column pH at the time of deposition. Indeed, the Mn profile in the sediments of a Black Forest lake has been positively correlated with diatom-inferred pH at the time of sediment deposition (Steinberg and Hogel 1990) . The onset of change in acid-digested Mn concentration in Round Loch sediments appears to be just above the base of the cores, more clearly seen at 21 cm at site 2, and, to a lesser extent, 3 1 cm at site 1, corresponding to 210Pb-derived dates of mid-18th century (Bryant et al. 1993 ). This date is broadly comparable with the initial change in the diatom-inferred water column pH around 1800 (Flower et al. 1987) .
The presence of significant amounts of Mn in the more labile exchangeable and specifically sorbed fractions (Figs. 5c, d and 6c, d) , extracted at pH values close to, or even higher than, the water column pH (Table 4) , can be explained in terms of the higher pH values commonly found in anoxic sediments of acidic lakes. These are caused by H' consumption in the microbially mediated reduction of nitrate and sulfate (Rudd et al. 1986; Norton et al. 1990) . Maximum dissolution of Mn, as indicated by peak porewater concen- trations, occurs at depths of 15-17 cm at site 1 (Fig. 5h) . The decrease of porewater Mn above the peak suggests redox-driven release of Mn at depth and diffusion toward the sediment surface, where reprecipitation gives the observed solid-phase enhancement at O-l cm. The porewater profile at site 2 is different, with Mn decreasing downcore to 10 cm from a maximum at O-2 cm (Fig. 6h) , implying that a solidphase Mn peak has been reduced, and soluble Mn is diffusing into the water column, perhaps followed by hydraulic flushing from the loch. However, there must also be transport of Mn into the sediment as the porewater gradient shows a steady decrease to a minimum at 10 cm. Presumably, this process gives rise to the greater amounts of exchangeable and specifically sorbed Mn below 10 cm at site 2, compared with site 1. The sampling frequency was not sufficient to determine whether this is a seasonal change in the Mn transport, but it is interesting to note that the high surface Mn2+ concentration at site 2 indicates that reduction of the solid- Summer 690-6,000
phase surface peak is greater in the winter. Mn also appears to be released into solution toward the base of the core at site 2, with concentrations decreasing toward the minimum at 10 cm. Overall, redox-driven processes are affecting the behavior of Mn, but also, over a much longer term, acidification of the loch has influenced the behavior of Mn, by a pH-related decrease in Mn sedimentation. The acid-digested Mn concentration in the O-l-cm section of Loch Coire nan Arr sediment (Fig. 7a) is high relative to concentrations below 2 cm. This is typical of redox cycling, as seen at Loch Lomond and Loch Leven. Although organic bound/sulfide concentrations are highest and can be attributed to the peaty nature of the sediments (Table 4) , similar amounts of Mn were also extracted in each of the four other fractions (Fig. 7c-g ). The porewater Mn profile for Loch Coire nan Arr (Fig. 7h) bears a resemblance to the profile at Round Loch site 1, showing increasing concentration with depth. This implies maximum release of Mn to solution at a depth greater than 8 cm. There is no increase of solidphase Mn concentration with depth, however, despite the similarity with Round Loch in terms of sediment type and trophic status. Loch Coire nan Arr is acid-sensitive (Battarbee 1988) but, because of its location, has not suffered acidification, as has Round Loch. This lends support to the previous conclusion that Mn behavior at Round Loch is influenced by surface water acidification.
Conclusions
The main findings in relation to the systems studied and a comparison of the Mn concentration ranges are summarized in Table 5 .
Loch Lomond sediments show a classic example of redoxdriven diagenesis and enrichment of Mn. Enhanced primary productivity affects the behavior of Mn in eutrophic Loch Leven, where deposition of Mn to the sediment was higher in the summer, during an algal bloom, compared with autumn and winter. Sedimentary Mn was more labile in hard water, eutrophic Balgavies Loch, which had low oxygen concentrations in the bottom waters, than in Loch Lomond and Loch Leven. At acidified Round Loch, an increase of Mn with depth was markedly different from sediment data for the other lochs, attributable to the historical change in water column pH and its effect on the deposition of Mn to the sediment. The association of significant amounts of Mn in Round Loch with the organic bound/sulfide fraction was also found at Loch Coire nan Arr and reflects the availability of organic binding sites for Mn in these lochs with their peaty organic-rich sediments.
Future work could focus on the nature of Mn binding to different organic components in the sediment. Modeling of Mn fluxes into and out of the sediment would also be an important area for future work, requiring time-series sampling of the different systems.
